Synapses are specialized communication junctions between neurons whose plasticity provides the structural and functional basis for information processing and storage in the brain. Recent biochemical, genetic and imaging studies in diverse model systems are beginning to reveal the molecular mechanisms by which synaptic vesicles, ion channels, receptors and other synaptic components assemble to make a functional synapse. Recent evidence has shown that the formation and function of synapses are critically regulated by the liprin-α family of scaffolding proteins. The liprin-αs have been implicated in pre-and postsynaptic development by recruiting synaptic proteins and regulating synaptic cargo transport. Here, we will summarize the diversity of liprin binding partners, highlight the factors that control the function of liprin-αs at the synapse and discuss how liprin-α family proteins regulate synapse formation and synaptic transmission.
Introduction
The human brain is estimated to contain approx. 100 billion neurons and 100 trillion synaptic connections, which form the neuronal circuits that are essential for normal function of the nervous system and underlie all complex behaviours including learning and memory. The structure and function of these connections are remarkably well controlled, and synaptic circuits are formed in a highly reproducible way. The development and assembly of neuronal circuits can be roughly divided into three stages: neuronal cell fate specification and migration, axon and dendrite outgrowth, and synapse formation. Once synaptic contacts are established, the initial connections are shaped by neuronal activity, thereby influencing synapse stability and elimination. Although synapse formation and elimination are hallmarks of early development, these processes may also influence learning, memory and cognition in the mature brain.
Chemical synapses are composed of a presynaptic terminal, a synaptic cleft and a postsynaptic specialization [1] [2] [3] . At glutamatergic synapses, the presynaptic terminal is characterized by a cluster of synaptic vesicles and an electron-dense membrane compartment, the active zone, where synaptic vesicles dock, fuse and release glutamate into the synaptic cleft. Directly apposed to the active zone (and perfectly matched with it in size and shape) is the PSD (postsynaptic density), an electron-dense thickening of the postsynaptic membrane, where glutamate receptor channels and their associated sig-nalling proteins are highly concentrated. Recently enormous progress has been made in identifying the molecular components of synapses, particularly by using proteomic strategies [1, [4] [5] [6] , and the principles governing their assembly [3, [7] [8] [9] [10] [11] . These studies have revealed that synapses are composed of hundreds of proteins and that the specification of synaptic function, e.g. excitatory or inhibitory, at both pre-and post-synapses is achieved via the recruitment and assembly of particular protein complexes. Among the highly conserved molecules that are of critical importance for the initial formation and proper functioning of synapses is the liprin-α family of scaffolding proteins.
The liprin-α family of proteins
The liprin-α family of proteins was first identified by their interaction with the LAR-RPTPs (LAR family of receptor protein tyrosine phosphatases) [12, 13] . In vertebrates, four liprin-α genes were found, liprin-α1, α2, α3 and α4, whereas Caenorhabditis elegans and Drosophila have only a single liprin-α gene: syd-2 (synapse-defective-2) and Dliprin/liprin-α respectively. Liprin-α2 and liprin-α3 are expressed exclusively in mammalian brain, while liprin-α1 and liprin-α4 are also found in non-neuronal tissue [13] . Liprin-αs are well conserved, with ∼ 50% amino acid identity between human liprin-α1 and worm SYD-2. This family of proteins is characterized by an N-terminal coiled-coil region that mediates homo-and hetero-multimerization and three SAM (sterile-α-motif) domains making up the LH (liprin homology) region that binds to LAR-RPTP [12] [13] [14] . In addition to their protein binding capabilities [15] , the SAM domains of liprin-α were recently shown to interact with ATP [16] , and SAM domains in general are known to bind to RNA [17] and lipid membranes [18] . The diverse range of SAM domain interactions makes liprin proteins attractive candidates for linking a multitude of cellular components into large protein complexes. To date, the liprin-α family of proteins has been implicated in multiple processes important for proper cellular and synaptic function ( Figure 1 and Table 1 ).
Liprin-α and presynaptic development
In immature neurons, liprin-αs are necessary for presynaptic development. A loss-of-function mutant of the C. elegans homologue of liprin-α, syd-2, was isolated in a screen for mislocalized synaptic vesicle proteins [19] . Studies on this mutant indicated that SYD-2 localized at synapses independently of synaptic vesicles, and its absence caused a variety of structural presynaptic defects [19] . Active zones in these mutants were lengthened, and synaptic vesicle proteins were diffusely localized rather than clustered at presynaptic sites [19] . Later studies confirmed that SYD-2 acts to recruit not only synaptic vesicles to presynaptic sites, but other important components of the presynaptic machinery as well. In liprin-α mutants, ELKS-1 (also named CAST/ERC), GIT (G-protein-coupled interactor), SAD-1 (synapses of amphids defective-1), UNC-57 (unco-ordinated-57)/endophilin and SNN-1 (synapsin-1) were not synaptically, but diffusely, expressed [20] . These same studies showed that SYD-2 is very closely linked to the synaptic membrane itself, as only loss of the immunoglobulin domain membrane proteins SYG-1/2 (synaptogenesis abnormal-1/2) disrupts the synaptic clustering of SYD-2 [20] . A syd-2 gain-of-function mutant was able to rescue these defects, implying that SYD-2 protein itself is specifically responsible for the recruitment of synaptic proteins, although the presence of ELKS-1 is required to mediate this rescue [21] .
In Drosophila, liprin-α homologue Dliprin-α mutants displayed a similar defect in active zone morphology [22] . Endogenous Dliprin-α is also located at synapses and colocalizes with Dlar [22] , the Drosophila homologue of LAR-RPTP, which is required for axon guidance [23] . Dliprin-α mutants were shown to be important for the formation of new synaptic boutons at the Drosophila NMJ (neuromuscular junction) and for Dlar action at the synapse [22] . Recently, [43] further evidence of a function of liprin-α in conjunction with LAR was found for R1-R6 photoreceptor axon targeting in Drosophila [24] . However, liprin-α functions independently of LAR in the axonal targeting of R7 photoreceptors [25] , indicating that liprin-α plays a more complex role than merely a facilitator of LAR. LAR has also been implicated in vertebrate motor axon guidance [26] , but the role of its interaction with liprin-α in these processes has not been investigated.
Liprin-α and neurotransmitter release
After establishing a functional synaptic contact, neurotransmission requires a constant organization of synaptic vesicles and neurotransmitter receptors on their respective sides of the synapse in order to regulate the strength of the synaptic connections. In both of the above-described invertebrate liprin-α mutants, synaptic transmission was impaired. Syd-2 mutants displayed abnormal behaviour in induced egg-laying tasks and sensitivity to aldicarb consistent with a defect in synaptic transmission [19] . Dliprin-α mutants showed decreased evoked excitatory junctional potentials and decreased quantal content per synaptic event [22] , implying a specific impairment of presynaptic function. Mammalian liprin-α proteins associate with two major synaptic protein complexes that have been closely linked to presynaptic neurotransmitter release and vesicle cycling ( Figure 1 and Table 1 ). First is the complex formed by liprin-α, CAST and RIM (Rab3-interacting molecule). The coiled-coil region of liprin-α binds CAST, and the two proteins co-localize at synapses [27] and growth cones [28] of cultured hippocampal neurons. The same liprin-α region also interacts with the C2B domain of RIM [29] that is thought to link RIM-containing active zones to Rab3A-positive synaptic vesicles [30, 31] . Additionally, RIM binds Munc13-1 [32] , a protein involved in the priming of vesicles for exocytosis [33] . RIM1a-knockout mice display a decreased probability of neurotransmitter release that is not explained by defects in Rab3A or Munc13-1 targeting [29] , indicating a potential role of the liprin-α-CAST-RIM complex in synaptic vesicle exocytosis. More recently, a second interaction, between liprin-α and the MALS (mammalian LIN-seven protein)-CASK (Ca 2+ /calmodulin-dependent serine protein kinase)-Mint1 complex, has also been identified [34] . The first SAM domain of liprin-α binds CASK, and disruption of this interaction causes mislocalization of MALS protein [34] . MALS triple knockout mice have decreased CASK localization at the synapse and decreased EPSCs (excitatory postsynaptic currents) [34] . MiniEPSCs are normal in these mice, and EPSC decrease following high-frequency stimulation is increased [34] , most probably implying an impairment of presynaptic vesicle cycling. Both presynaptic liprin-α complexes may be involved in recruiting components of the synaptic release machinery to the active zone and thereby facilitating neurotransmitter release.
Liprin-α and postsynaptic development
Liprin-αs are also thought to be involved in multiple processes involved in postsynaptic development. The Cterminal TVRTYSC motif of liprin-αs interacts with PDZ6 of GRIP1 (glutamate receptor-interacting protein 1) [35] , an AMPAR [AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) receptor]-binding protein [36] . The disruption of this interaction causes a decrease in dendritic AMPAR clustering and surface expression, although other postsynaptic markers are normal [35] . Similarly, the interaction between liprin-α and LAR [37] is necessary for proper AMPAR targeting and dendritic spine morphology. Interestingly, LAR phosphatase activity and LAR-liprin-α-GRIP interactions have also been found to regulate dendritic targeting of the cadherin-β-catenin complex and are implicated in the development and maintenance of excitatory synapses ( [37] and see below). Liprin-α1, specifically, is negatively regulated by CaMKII (Ca 2+ /calmodulin-dependent protein kinase II), a calciumregulated protein kinase that plays a critical role in synaptic plasticity [38] . The SAM domains of liprin-α1 interact with CaMKII, and active CaMKII degrades liprin-α1 protein [38] . Expression of liprin-α1 mutants that are not degradable in this manner causes decreased dendritic branching and spine density and impairs LAR targeting to dendrites [38] . Interestingly, disruption of LAR function by dominantnegative constructs that cannot bind liprin causes similar dendritic and spine defects [38] , indicating that the presence of liprin-αs at synapses is critical for postsynaptic function. In Drosophila, liprin-α levels, and thus synapse size, are also regulated by APC (anaphase-promoting complex), an E3 ubiquitin ligase [39] . Loss of function of the APC subunit APC2 in Drosophila motor neurons leads to overgrowth of synaptic boutons in a liprin-α-dependent fashion [39] . Consistent with this, liprin-α1 levels in hippocampal neurons are also regulated by the APC complex [38] .
Liprin-α and intracellular transport
Synaptic protein trafficking to and from the synaptic membrane has emerged as a key mechanism underlying various forms of synaptic development [40] [41] [42] . Possibly critical to each of the above processes, liprin-αs are known to interact with microtubule-dependent kinesin motor proteins. The coiled-coil domain of liprin-α binds KIF1A [43] , a neuron-specific kinesin-3 capable of transporting synaptic vesicle proteins such as synaptophysin, synaptotagmin and Rab3 [44] . The specific function of this interaction in mammalian cells is largely unknown, but it is reasonable to think that liprin acts as either an adaptor for the transport of synaptic proteins or a recruiting factor to attract kinesin-3 motors and their cargoes to synaptic sites.
In Drosophila, the interaction of liprin-α and KIF1A was confirmed [45] and defective synaptic vesicle movement was observed in vivo in liprin-α mutant flies. Interestingly, liprin-α mutants not only showed a decrease in anterograde movement of synaptic vesicles, but an increase in retrograde movement [45] . Recently, however, Sieburth et al. [46] showed that while synaptic vesicle transport was dependent on UNC-104 (KIF1A/kinesin-3) in C. elegans, transport of SYD-2 (liprin-α) was not. In liprin-α mutants, synaptic vesicle localization as well as synaptic morphology and function are disrupted in much the same manner as in kinesin-1 mutants [45, 47] , suggesting that liprin-αs may be able to interact with different motor proteins.
As discussed above, the liprin-α-GRIP protein complex contains cadherin and β-catenin adhesion molecules [37] in addition to AMPARs [35] . The interaction suggests a molecular mechanism for the co-ordinated delivery of 'structural' (cadherin-β-catenin adhesion complex) and 'functional' (AMPAR channels) proteins to the synapse. In this model, AMPAR and cadherin-β-catenin are packaged in the same motor protein complex, organized by liprin-α-GRIP, whose recruitment to synapses is regulated by a common mechanism involving interaction with, and dephosphorylation by, LAR-RPTPs [37] .
Conclusions and future directions
It appears that liprin-α scaffolding proteins are positioned at highly specialized areas at the plasma membrane and can create subcompartments linked to intracellular membrane fusion events such as synaptic vesicle exocytosis at presynaptic active zones. In this way, synaptic liprin-α can act as a molecular anchor at the synapse and attract molecules such as synaptic vesicles, ion channels, receptors and other scaffolding proteins during synaptic assembly and function. However, liprin-αs are not only found at synapses, but are also localized cytoplasmically throughout the neuron. Several findings support the idea that liprin-αs are important for intracellular transport in addition to synaptic scaffolding. The major challenge remains in determining the molecular mechanisms underlying the various liprin-α functions.
The information gleaned from genetic mutant studies in model invertebrate organisms has been incredibly beneficial and a great deal is now known about the role of liprin-αs during presynaptic development. It is crucial to determine the upstream mechanism by which liprin-αs are recruited to the synaptic membrane. Although SYG-1/2 proteins are clearly involved in the anchoring of SYD-2/liprin at the synapse in C. elegans, genetic analysis reveals that synaptic assembly might vary between different types of synapses and additional target recognition pathways exist [20] . Whether the vertebrate orthologues of SYG-1, the Neph (nephrin-like protein family), are also involved in determining specificity during synapse formation is not clear.
In addition, it remains to be determined what the role of liprin-α is in the regulation of intracellular transport. Is liprin-α involved in trapping motor complexes and unloading synaptic cargo at synaptic sites? Or is liprin-α1 actively involved in kinesin motor protein movement? The degradation of liprin-α1 is an attractive mechanism for targeting liprin-α1-based transport complexes to active synapses where CaMKII or proteasome activity is turned 'on' [38] . At such sites, the cargo bound to liprin-α (and associated proteins) would be 'unloaded' due to degradation of liprin-α1 to promote local delivery of synaptic cargo. Alternatively, high levels of liprin-α at synaptic sites may promote local trapping of synaptic vesicles and assembly of synaptic components. Support for both models can be found [20, 38, 45] .
Since we lack basic knowledge of the liprin proteins in vertebrates, several fundamentally important questions need to be answered before we can understand the role of liprins in the mammalian brain. What is the expression pattern in the developing and adult brain and intracellular localization of the specific liprin-α family proteins in neurons? Are liprin-α proteins redundant or do they have specific functions in particular areas of the brain? And what is the role of the liprin-β proteins? Each liprin will associate with a set of synaptic proteins but these interactions are most likely to be temporally and spatially coupled for their specific actions. Investigating the highly dynamic liprin interactions and analysis of liprin mutant mice will be required to determine the role of liprin family proteins in vertebrate presynaptic and postsynaptic development and function. 
